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Members of the genera Enterovirus and Rhinovirus (family Picornaviridae) cause a wide range of human
diseases. An established vaccine is available only for poliovirus, and no effective therapy is available for the
treatment of infections caused by any pathogenic picornavirus. Peptide-conjugated phosphorodiamidate mor-
pholino oligomers (PPMO) are single-stranded DNA-like antisense agents that readily enter cells. A panel of
PPMO was tested for their antiviral activities against various picornaviruses. PPMO targeting conserved
internal ribosome entry site (IRES) sequence were highly active against human rhinovirus type 14, coxsackie-
virus type B2, and poliovirus type 1 (PV1), reducing PV1 titers by up to 6 log10 in cell cultures. Comparative
sequence analysis led us to design a PPMO (EnteroX) targeting 22 nucleotides of IRES sequence that are
perfectly conserved across greater than 99% of all human enteroviruses and rhinoviruses. EnteroX reduced
PV1 replication in cell culture to an extent similar to that of other IRES-specific PPMO. Resistant PV1 arose
in cell cultures after 12 passages in the presence of EnteroX and were found to have two mutations within the
EnteroX target sequence. Nevertheless, cPVR transgenic mice treated once daily by intraperitoneal (i.p.)
injection with EnteroX before and/or after i.p. infection with 3 � 108 PFU (three times the 50% lethal dose) of
PV1 had an approximately 80% higher rate of survival than the controls. The viral titer in tissues taken at day
5 postinfection showed that animals in the EnteroX-treated group averaged over 3, 4, and 5 log10 less virus in
the small intestine, spinal cord, and brain, respectively, than the amount in the control animals. These results
suggest that EnteroX may have broad therapeutic potential against entero- and rhinoviruses.

Rhinovirus and Enterovirus are closely related genera within
the family Picornaviridae, and both cause significant global
disease burdens (34). Infections with human rhinoviruses
(HRVs) are rarely fatal, but they are the most prevalent cause
of the common cold and are responsible for a great deal of
respiratory tract illness, with considerable associated economic
loss (11, 22). The genus Enterovirus includes the polio-, cox-
sackie-, echo-, and enteroviruses and can cause a wide variety
of diseases, ranging from non-life-threatening enteric or respi-
ratory illness or rash (hand-foot-and-mouth disease) to severe
and potentially fatal aseptic meningitis, encephalitis, neonatal
systemic disease, hemorrhagic conjunctivitis, and poliomyelitis
(39). Enteroviral infections result in 30,000 to 50,000 hospital-
izations yearly in the United States (38). Although effective
vaccines for the three serotypes of poliovirus are available,
over 100 other enterovirus serotypes (39) and 100 rhinovirus
serotypes (11) have been identified, making vaccines and other
therapies which rely on an effective adaptive immune response
difficult to develop. There are currently no commercially avail-

able therapeutics that have been approved by the FDA for use
against any of the entero- or rhinoviruses (10, 28).

The picornavirus genome is an approximately 7.5-kb single-
stranded RNA molecule of positive polarity possessing a co-
valently linked protein (VPg) at the 5� terminus and a 3�-
terminal poly(A) tail (2). The 5� and 3� untranslated regions
(UTRs) flank the single open reading frame and are known to
have various important roles in viral translation, RNA synthe-
sis, and virion assembly (7). Picornavirus replication takes
place in the cytoplasm of the host cell, and while viral proteins
affect nuclear activity (46), no event of the viral life cycle is
known to occur in the nucleus. Viral genomic RNA is trans-
lated into a single large polyprotein, which is subsequently
cleaved into 10 mature proteins by virus-encoded proteases (2,
44). The 5� UTRs of all picornaviruses are unusually long,
averaging about 700 nucleotides (nt), and contains an internal
ribosome entry site (IRES), a region that mediates the initia-
tion of viral RNA translation several hundred nucleotides
downstream of the 5� terminus in a cap-independent manner
(16). Four classes of picornaviral IRES configurations have
been defined on the basis of RNA secondary structure and
biological properties (5, 16). Picornavirus species of the genera
Enterovirus and Rhinovirus possess a class I IRES, and those of
the genera Cardiovirus and Aphtovirus possess a class II IRES.
Although their functional roles are apparently identical, the
various classes of IRES share little similarity in sequence or
secondary structure (5, 44, 61).

* Corresponding author. Mailing address: AVI BioPharma, 4575
SW Research Way, Corvallis, OR 97333. Phone: (541) 753-3635. Fax:
(541) 754-3545. E-mail: steind@avibio.com.

† Present address: Mendel Biotechnology, Inc., Hayward, CA.
‡ Present address: Itherx, Inc., San Diego, CA.
� Published ahead of print on 17 March 2008.

1970



Considering the morbidity caused by entero- and rhinovi-
ruses, as well as the modest results of past drug development
efforts and the paucity of FDA-approved drugs, new approaches
to the development of therapeutics are needed. The small-
molecule compounds in development thus far appear to have
limited promise, due variously to high toxicity or low efficacy,
stability, or solubility (28). A number of compounds designed
to inhibit picornavirus infections through an antisense-medi-
ated mechanism have generated positive preclinical results but
are still early in the development process. Antisense phopho-
rothioate DNA has been used against coxsackievirus type B3
(CVB3) in vitro (57) and in vivo (62), antisense RNA has been
used against foot-and-mouth disease virus (45), and small in-
terfering RNA has been used against several picornaviruses (3,
20, 21, 26, 42, 47), all with some success. Phosphorodiamidate
morpholino oligomers (PMO) are composed of individual sub-
units consisting of a DNA base connected to a morpholine ring
and phophorodiamidate-linked backbone (50). PMO are un-
charged at physiological pH and are highly nuclease resistant
and water soluble. PMO interfere with gene expression by base
pairing to complementary RNA sequence, thereby forming a
steric block (48, 49). PMO designed as antisense agents against
positive-strand viruses often target viral mRNA sequence in-
volved in one or more of the major early events in translation:
preinitiation, ribosomal complex scanning of the 5� UTR, or
initiation at the AUG start site (14, 54, 63). PMO have been
conjugated to various cell-penetrating peptides (CPPs) in or-
der to enhance both PMO uptake into cells (14, 33, 63) and
antisense efficacy (35). Peptide PMO (PPMO) have demon-
strated considerable efficacy against a number of RNA viruses
(14, 19, 27, 36, 40, 54), including foot-and-mouth disease virus
(53) in cell cultures and against Ebola virus (17), West Nile
virus (13), murine coronaviruses (9), and CVB3 (63) in both
cell culture and animal models.

For this study, PPMO were designed against HRV type 14
(HRV14) and human poliovirus 1 (PV1), with each individual
PPMO targeting a different viral RNA sequence of interest. In
cell culture challenges, each PPMO produced a specific level of
antiviral activity, ranging from none to high. The most highly
active PPMO in each set were those designed to target se-

quence in the 3� region of the IRES of the respective target
virus. One such PPMO, HRV-EnteroX, designed to target
sequence in the IRES that is highly conserved across human
entero- and rhinoviruses, was active in cell culture experiments
not only against HRV14 but also against clinical isolates of
CVB2 and PV1. A nearly identical PPMO, PV-EnteroX, ef-
fectively inhibited PV1 replication in infected mice and is a
candidate for development as a therapeutic agent with poten-
tially broad utility.

MATERIALS AND METHODS

PPMO synthesis. PMO is a single-stranded DNA analog with a morpholine
ring in place of each riboside moiety and phosphorodiamidate instead of phos-
phorodiester intersubunit linkages (50). All PMO were synthesized at AVI Bio-
Pharma Inc. by previously described methods (50). An arginine-rich CPP, either
R9F2C or (RXR)4XB (abbreviated P3 and P7, respectively, in this report; where
R is arginine, F is phenylalanine, C is cysteine, X is 6-aminohexanoic acid, and
B is beta-alanine), was covalently conjugated to the 5� end of each PMO to
produce PPMO. The synthesis, conjugation, purification, and analysis of all
PPMO were identical to procedures described previously (1, 33). Each PPMO in
this study was 19 to 24 bases in length. Two sets of PPMO were designed: one set
complementary to target sequences in the HRV14 genome and the other set
complementary to the PV1 (Mahoney strain) genome. See Table 1, Fig. 1, and
the Results for the PPMO sequences and target locations. To control for the
non-sequence-specific activity of the two types of PPMO chemistry, a nonsense
control PPMO (Scr) sequence with an �50% G�C content was randomly gen-
erated (Table 1), screened against both primate mRNA and picornaviral se-
quences by using the BLAST program (http://www.ncbi.nlm/.nih.gov/BLAST/),
and prepared in a manner identical to that of the antisense PPMO. Lyophilized
PPMO were diluted to 2 mM with filter-sterilized distilled water and were stored
at 4°C.

Cells, viruses, and plasmids. HeLa cells (ATCC CCL 2.2) were grown in tissue
culture flasks in Dulbecco’s modified Eagle medium (DMEM)–nutrient mixture
F-12 (Ham F-12 medium) (1:1; DMEM–F-12; CellGro) supplemented with 2
mM L-glutamine, 1 mM sodium pyruvate, 100 U/ml of penicillin and streptomy-
cin, and 10% newborn calf serum (GibcoBRL). SK-N-MC cells (ATCC HTB-10)
and Vero cells (ATCC CCL-81) were grown in tissue culture flasks in Eagle
minimum essential medium supplemented with 2 mM L-glutamine and Earle’s
balanced salt solution adjusted to contain 1.5 g/liter sodium bicarbonate, 0.1 mM
nonessential amino acids, and 1.0 mM sodium pyruvate; 100 U/ml of penicillin
and streptomycin; and 10% newborn calf serum. Full-length HRV14 was ob-
tained from an infectious clone as described previously (31). Clinical isolates of
CVB2 and PV1 (provided by T. Chonmaitree, Department of Pediatrics, UTMB,
Galveston, TX) were identified by serology and were passaged once in Vero and
once in HeLa cells prior to their experimental use. The CVB2 and PV1 clinical
isolates were not subject to sequence analysis. Plasmid pRib(�)XpA contains the

TABLE 1. PPMO sequences and targets

PPMOa Viral target region PPMO sequence (5�–3�) Location of targetb

HRV-5�hp 5� UTR hairpin CAAAGGTACATAGTACCAGAG 49–69
HRV-EnteroX IRES stem-loop 5 GAGAAACACGGACACCCAAAGTAG 551–574
HRV-cre cre GTCTGTTTCGTTTTCTCAACG 2359–2379
HRV-AUG AUG of HRV14/�P1Luc GGCGTCTTCCATGATCACAGT NAc,d

PV-5�term 5� genomic terminus GGTACAACCCCTGTGCTGTTTTAA 1–24
PV-L4 IRES stem-loop 4 CAACGCAGCCTGGACCACCGTCAC 343–366
PV-L5 IRES stem-loop 5 CCTCGGACTTGCGCGTTACG 512–531
PV-AUG Initiator AUG GCACCCATTATGATACAATTG 730–750
PV-cre cre TACGGTGTTTGCTCTTGAACT 4461–4481
PV-stop Open reading frame stop codon TCGACTGAGGTAGGGTTACTA 7370–7390
PV-pA 3� genomic terminus TTTTTTTCTCCGAATTAAA 7429–7440�
PV-EnteroX 3� base of IRES stem-loop 5 GAAACACGGACACCCAAAGTAG 541–562
Scr Nonsense (negative control) AGTCTCGACTTGCTACCTCA NA

a HRV-PPMO were designed against HRV14 (GenBank accession number K02121). PV-PPMO were designed against PV1 (Mahoney strain; GenBank accession
number V01149).

b The position of the target sequence in the viral genome.
c NA, not applicable.
d Chimeric sequence: 3� end of HRV 5�UTR and 5� end of Luc coding sequence.
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cDNA of PV1 (Mahoney strain) preceded by a cis-acting hammerhead ribozyme
sequence and the T7 RNA polymerase promoter (23) and can generate infec-
tious PV1 RNA. pRib(�)XpA-derived PV1 was used throughout this study,
except where indicated. Plasmid pRib(�)RLuc contains the cDNA of a PV1
replicon in which the P1 region encoding the capsid proteins is substituted with
the gene encoding firefly luciferase (Luc) preceded by the hammerhead ribozyme
sequence and the T7 polymerase promoter sequence (23). The ribozyme se-
quence has been shown to promote the enhanced replication of the viral se-
quence after transfection (23). Both of the plasmids described above are de-
signed to generate replicable synthetic RNAs. Plasmid pRib(�)T7Luc contains
the coding sequence for firefly Luc preceded by the hammerhead ribozyme
sequence and the T7 polymerase promoter sequence (23). Plasmid HRV14/
�P1Luc contains a cDNA of HRV14 in which the P1 region encoding capsid
proteins is substituted with firefly Luc coding sequence (31).

Picornavirus sequence alignment and analysis. A total of 196 full-length
genomic sequences for human entero- and rhinoviruses obtained through the
NCBI website (http://www.ncbi.nlm.nih.gov/genomes/VIRUSES/12058.html)
were aligned (6) and analyzed with MUSCLE multiple-sequence alignment soft-
ware (http://phylogenomics.berkeley.edu/cgi-bin/muscle/input_muscle.py).

Cell viability assays. HeLa cells grown in either 24- or 96-well plates to �80%
confluence were treated with water (mock treatment) or 1 to 100 �M PPMO in
serum-free growth medium (a 1:1 mixture of DMEM–F-12) for 24 h or with 10
�M PPMO in DMEM–F-12 for 10 to 69 h. Cell viability was then measured by
using the CellTiter 96 AQueous one solution cell proliferation [3-(4,5-dimethyl-
thiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, in-
ner salt (MTS)] assay (Promega) according to the manufacturer’s instructions.
Cells were incubated with MTS solution for 4 h, and the absorbance was mea-
sured at 492 nm with an enzyme-linked immunosorbent assay reader. The per-
cent survival of the PPMO-treated cells was based on a comparison to the
survival of mock-treated cells (which was set equal to 100%).

PPMO treatment of virus-infected cell cultures and plaque assays. The ex-
periments with HRV14 and clinical isolates of CVB2 and PV1 were performed
with nearly confluent HeLa cells and employed PPMO applied only as a postin-
fection (p.i.) treatment. Cells were inoculated with HRV14 at a multiplicity of
infection (MOI) of 0.03, with CVB2 at an MOI of 0.05, or with PV1 at an MOI
of 0.05. After a 1-h infection period, the inoculum was removed and the cells
were replenished with virus growth medium (with 10% calf serum) containing
water (as a mock treatment) or PPMO and were incubated at 37°C (except for
HRV14, which was incubated at 34°C) in 5% CO2. The viral titers in the culture

supernatants were determined at 24 h p.i. (PV1 and CVB2) or 48 h p.i. (HRV14),
as described below.

The experiments with cDNA-derived PV1 were performed with nearly con-
fluent HeLa cells and employed preinfection treatment with PPMO, unless
otherwise noted. The cells were treated with serum-free growth medium con-
taining water (mock treatment) or PPMO for 6 h (unless indicated otherwise)
and were then rinsed with phosphate-buffered saline (PBS) and infected with
PV1 at the indicated MOI in serum-free growth medium; after 1 h, the viral
inoculum was removed and fresh growth medium with serum was added to the
cells. At various time points p.i., the supernatants and cell lysates were collected
and stored at �80°C. Viral titer determinations were performed by the plaque
assay by seeding HeLa cells into six-well plates (1 � 106 cells/well) and incubat-
ing the plates for 24 h at 37°C (34°C for HRV14). Cells at �90% confluence were
washed with PBS and then overlaid with 250 �l of serial 10-fold dilutions of the
supernatant from either clarified cell cultures or tissue lysates. The cells were
incubated for 1 h, the supernatants were removed, and the cells were overlaid
with 2 ml of sterilized 1% agar and DMEM–F-12 or tragacanth and DMEM. The
cells were then incubated at 37°C (34°C for HRV14) for 36 h (PV1 and CVB2)
or 72 h (HRV14), fixed with 2% formaldehyde for 30 min, and then stained with
1% crystal violet. The plaques were then counted and the viral PFU/ml was
calculated.

In vitro transcription of viral reporter RNAs. Noncapped PV1-Luc [from
Rib(�)RLuc] and HRV14-Luc RNA (from HRV14/�P1Luc) transcripts were
obtained by using a T7 Megascript transcription kit (Ambion), while capped Luc
RNA transcripts [from pRib(�)T7Luc] were obtained by using the mMessage
mMachine T7 kit (Ambion) after plasmid linearization. The integrity of the
resulting RNAs was confirmed by gel electrophoresis, the RNAs were quantified
by spectrophotometry, and the RNA concentration was adjusted to 20 �g/�l.

Evaluation of viral translation by Luc assay. To investigate the effects of
PPMO on the translation of PV1-Luc RNA inside cells, HeLa cells were treated
for 4 h with water (mock treatment) or 10 �M PPMO and were then washed
three times with PBS and suspended in PBS at 5 � 106 cells/ml. Next, 800 �l (4 �
106) cells was added to a 0.4-cm cuvette with 20 �g of viral reporter RNA and
electroporated at 300 V, a 500-�F capacitance, and a 24-� resistance with an
Electro Cell Manipulator 600 (BTX). Transfected cells were added to 2.2 ml of
medium containing 10 �M PPMO or water either with or without 2 mM guani-
dine hydrochloride (GuaHCl). As a control group, samples of transfected cells
were treated with 10 �g/ml puromycin. Next, the transfected cells were dispensed
into 24-well plates (at 0.5 ml/well), incubated at 37° in 5% CO2, and at the

FIG. 1. PPMO target sites in viral RNA and sequence conservation in the stem-loop 5 region of human entero- and rhinoviruses. (A) Schematic
of a composite entero- and rhinovirus genome. The VPg protein is indicated by a black dot at the 5� end of the genome; and the names of other
features of the viral genome are in italicized font, including the cloverleaf region (�CL’) and the other five stem-loop regions of the 5� UTR
(denoted with roman numerals), the initiator AUG, and the poly(A) tail. The bracketed region before the AUG represents the �100-nt difference
in length between the HRV and PV1 5� UTRs. PPMO target sites are in nonitalicized font and are indicated by thin lines and arrows.
(B) Histogram showing sequence conservation in the stem-loop 5 region of human entero- and rhinoviruses. A total of 196 full-length genomic
sequences were aligned and analyzed (see Materials and Methods). An arbitrary scale is depicted at the left of the histogram, where 1.0 denotes
perfect agreement at a nucleotide position across all entries. The relative target sites of the two versions of EnteroX and the PV-L5 PPMO are
shown above the histogram.
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indicated times harvested for measurement of Luc activity as described previ-
ously (23). Briefly, cells were scraped from the wells, clarified, and resuspended
in 100 �l of cell culture lysis buffer (Promega); and 10 �l was then analyzed with
a Luc assay reagent (Promega) in a luminometer.

To investigate the effects of PPMO on the translation of HRV-Luc RNA in a
cell-free assay, in vitro-transcribed HRV-Luc RNA was used to program rabbit
reticulocyte lysate (Promega) in the presence of various concentrations of
HRV14- or HRV14/Luc-specific PPMO. The results were charted as the relative
Luc activity of the indicated PPMO at the indicated molar excess to RNA
compared to that in mock-treated control reactions. Each reaction mixture
contained the same amount of RNA. Ten-microliter reaction mixtures were
incubated at 30°C for 1 h before 1 �l was removed for mixture with 100 �l Luc
assay reagent and quantification in a luminometer.

Generation, isolation, and sequencing of PPMO-resistant virus and construc-
tion of recombinant PV1. PV1 (MOI, 0.1) was sequentially passaged in HeLa
cells under conditions similar to those used in the virus inhibition experiments
described above (in “PPMO treatment of virus-infected cell cultures and plaque
assays”) by using 10 �M PPMO (unless noted otherwise) until a complete
cytopathic effect (CPE) was observed (24 to 96-plus h). The cells and virus were
then frozen and thawed three times; the virus was then clarified, the titer deter-
mined, and the virus used to initiate the next round of infection. Infections were
repeated independently six times with each PPMO treatment and three times for
the mock-treated controls. Subsequently, HeLa cells (2 � 106) were infected with
either passage 3 (P3) or P12 PPMO-escape-mutant virus at an MOI of 10 for 1 h
at 37°C in 5% CO2. The cells were rinsed with PBS to remove the remaining
virus, and DMEM–F-12 medium was added. At 4 h p.i., the medium was re-
moved, the cells were rinsed twice with ice-cold PBS, and total cytoplasmic RNA
was collected in cytoplasmic lysis buffer (PBS with 0.5% Triton X-100). The
RNA was purified with phenol-chloroform-isoamyl alcohol and quantified by
spectrophotometery, and cDNA was synthesized with a ThermoScript reverse
transcription-PCR system (Invitrogen) and poly(dT) primers. The PCR-ampli-
fied cDNA was used for direct sequencing (Elim Biopharmaceuticals, Inc.), and
multiple samples were analyzed by using multiple-sequence alignment and Chro-
mas software. To create PV1 cDNA plasmids containing mutations observed in
the viral PPMO-escape-mutant populations, the various mutations were recom-
bined into pRib(�)XpA by site-directed mutagenesis with the QuikChange
mutagenesis XLII kit (Stratagene), and appropriate primers were then trans-
formed in SURE electroporation-competent cells (Stratagene). The mutant virus
plasmid nomenclature is based on the following: virus type, the PPMO treatment
that generated the mutant, and the nucleotide identity and the location of
nucleotide mutational substitutions (with position 1 being at the 5� end of the
PPMO target site in the virus) (e.g., PV1/L4/A21 is a PV1 mutant generated with
the PV-L4 PPMO and has an A substitution at nt 21 of the target).

One-step-growth curve analysis of escape mutants. To determine single-cycle
growth characteristics, wild-type (wt) and mutagenized plasmids were used to
synthesize viral RNA by in vitro transcription reactions (as described above).
Cells were transfected (as described above), immediately transferred to 2 ml of
medium containing 10 �M PV-EnteroX, and incubated at 37° in 5% CO2 until
complete CPE was observed. The cell lysates and supernatants were then clar-
ified as described above, and the viral titers were determined. HeLa cells (2 �
106) subject to treatment with 10 �M PPMO or left untreated were infected with
the P0 of wt or mutant PV1 at an MOI of 10. Following infection, progeny virus
were harvested at various time points by the freeze-thaw method, and the titers
on fresh monolayers were determined by plaque assay, as described above.

PPMO treatment and viral infection of mice. To determine survival rates,
�10-week-old poliovirus receptor transgenic (cPVR) mice (12) were treated for
48 and 24 h before infection, in addition to 1 h p.i., and every 24 h afterwards for
5 days (eight treatments in total) or were treated after infection only (six treat-
ments) with either PV-EnteroX PPMO, Scr P7-PMO, or PBS. Eighteen mice per
group were given i.p. injections with 500 �l sterile PBS or 200 �g (�10 mg/kg of
body weight) of PPMO in 500 �l sterile PBS by using 5-ml syringes. It was
previously shown that multiple doses of �10 mg/kg PPMO were well tolerated
and were effectively antiviral when they were administered to mice either intra-
venously (63) or i.p. (13). The mice were infected with 3 � 108 PFU of wt virus
(approximately three times the 50% lethal dose [12]) and were monitored daily
for the onset of paralysis and euthanized when nearly total paralysis was reached.
A group of six noninfected cPVR mice received the same regimen of PV-
EnteroX PPMO as the infected animals (one dose per day for 8 consecutive
days), and three noninfected cPVR mice received no PPMO. The appearance
and behavior of all mice were monitored daily. All mice were housed at the
UCSF Mission Bay Animal Care Facility and were cared for in accordance with
UCSF IACUC guidelines.

For the tissue tropism experiments, 18 mice per group were treated and

infected as described above. On days 2, 3, and 5 p.i., six mice from each group
were euthanized and their tissues were removed, washed, and placed on dry ice.
The organs were immediately homogenized, and the homogenates were clarified
and frozen at �80°C. The titers of virus on HeLa cells in the tissue homogenates
were subsequently determined by standard plaque assay. Viral RNA from the
muscle of PV-EnteroX-infected mice was isolated by TRIzol extraction; and the
cDNA was then synthesized, sequenced, and analyzed as described above.

Statistical analysis. Data analysis was carried out with Prism 4 software
(GraphPad Software, Inc.). The results are expressed as means 	 standard
deviations.

RESULTS

PPMO design. A set of four PPMO (prepared with P3 pep-
tide) was designed to target specific RNA sequences in HRV14
or HRV14/�P1Luc, while a second set of eight PPMO (pre-
pared with P7 peptide) was designed against PV1 genomic
sequence. All PPMO were designed to base pair with viral
positive-strand genomic RNA sequences thought to be impor-
tant for different events in viral translation, RNA synthesis, or
encapsidation (Table 1 and Fig. 1A). Three of the four HRV14
PPMO and four of the eight PV1 PPMO were designed to
target sequences in the respective viral 5� UTRs. In entero-
and rhinoviruses, the 5�-most 90 nt or so of the genome form
a region of highly ordered structure referred to as the “clover-
leaf,” or domain I. It has been shown that this region of RNA
interacts with viral proteins, forming a ribonucleoprotein com-
plex, and is integral to the choreography of viral RNA synthesis
(reviewed in reference 41). PV-5�term targets the 5�-terminal
24 nt of the PV1 genome, and HRV-5�hp targets 21 of the 27
nt that constitute the HRV cloverleaf stem-loop d, a region
especially critical in ribonucleoprotein formation (41).

The class I IRES region comprises positions from approxi-
mately nt 130 to nt 600 of the 5� UTR and folds into five
domains (domains II to VI), based on RNA secondary struc-
ture (reviewed in reference 16). PPMO PV-L4 targets a se-
quence in domain IV of PV1, while PV-L5 and PV-EnteroX
target the domain V region of PV1 and HRV-EnteroX targets
the domain V region of HRV (Fig. 1A and B). Both domain IV
and domain V are essential for the recruitment and positioning
of the various components required for viral translation, such
as the 40S ribosomal subunit, initiator tRNA, and a number of
translation-initiation-associated proteins (16). The IRES-tar-
geting PPMO in this study were designed to interfere with the
interaction of various translation-initiation factors with the
viral IRES and thereby disrupt the process of translation. Spe-
cifically, PV-L4 was designed to bind just 3� of a poly(C) tract
known to interact with the cellular protein PCBP2 (55, 56).
PV-L5 was designed to bind within domain V, including the
14-nt stem-loop (nt 511 to 524) structurally adjacent to a se-
quence previously shown to be involved both in the recruit-
ment of the canonical translation initiation factor eIF4G (37)
and in the reduction of neurovirulence of the Sabin vaccine
strains of poliovirus (through single-nucleotide mutations in
this region) (30). PV-EnteroX and HRV14-EnteroX target a
sequence that is highly conserved across both human entero-
and rhinoviruses (Fig. 1B) at the 3� base region of stem-loop 5
in the IRES. The PV-AUG PPMO was designed to target the
sequence flanking and including the translation initiator AUG
codon of PV1 genomic RNA. Although multiple AUG codons
are present in the 5� UTR of picornaviruses, each viral species
employs one predominant AUG for translation initiation, and
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its identity in HRV14 (51) and PV1 (15) has been established.
PPMO HRV-AUG is complementary to the 9 nt at the 3�
terminus of the HRV14 5� UTR and the first 12 nt of the
Luc-coding sequence present in HRV14/�P1Luc.

The genomic RNA of entero- and rhinoviruses contains an
RNA stem-loop structure of 60 to 80 nt, the cis-acting repli-
cation element (cre), within the protein-coding region, which is
required for RNA synthesis. HRV cre and PV1 cre differ in
their sequences, structures, and locations within their respec-
tive genomes, yet they have been shown to have similar func-
tions, namely, urydylylation of the peptide primer VPg (41).
PPMO HRV-cre and PV-cre were designed to base pair with
sequences located within the cre genes of HRV and PV1,
respectively.

Two PPMO were designed to disrupt critical structures in
the 3�-terminal region of the viral genome. PPMO PV-stop was
designed to target the PV translation stop codon region and
thereby interfere with efficient translation termination. The
poly(A) tail at the 3� end of picornaviral RNA is thought to
participate in the initiation of negative-strand RNA synthesis
(24, 41) and in virus RNA stability (43). PPMO PV-pA is
designed to duplex with the 3�-terminal 12 nt of the PV ge-
nome and the first 7 A residues of the poly(A) tail.

PPMO cause little cytotoxicity at antiviral concentrations in
cell cultures. To evaluate the effect of PPMO on cell viability,
noninfected HeLa cells were treated with the various P7 PMO
used in this study. Figure 2A shows the results obtained with

Scr, PV-L4, PV-L5, and PV-L4 and PV-L5 in combination
over a concentration range of 5 to 25 �M. The results shown in
Fig. 2A are representative of those obtained with the other P7
PMO as well (data not shown). After 24 h of treatment at a
concentration of 10 �M, none of the P7 PMO caused more
than a 10% reduction of cell viability, as measured by the MTS
assay (Fig. 2A and data not shown). A similar experiment was
performed with P3 PMO. HeLa cells cultured under the same
conditions employed in the antiviral experiments with P3-PMO
described below had less than a 10% impact on cell viability
after 24 h of treatment with 1 to 10 �M of any of the P3 PMO
(data not shown).

To determine if longer periods of treatment with P7 PMO
had any effect on cell viability, we used the MTS assay with
cells after 10 to 69 h of treatment with 10 �M PPMO. With the
exception of PV-L4, none of the PPMO reduced the MTS
assay values by more than 10% at any time point; PV-L4
caused an approximately 15 to 20% reduction in the viability of
cells exposed to it for 48 h or more (Fig. 2B).

PPMO inhibition of multiple enteroviruses. Initially, we de-
termined the effectiveness of the HRV-specific PPMO against
HRV14 and against the clinical isolates of PV1 and CVB2.
HeLa cells were treated with PPMO at 2.5 or 5 �M after
infection with the respective viruses. Virus inhibition was mea-
sured by a standard plaque assay at 24 h p.i. (PV1 and CVB2)

FIG. 3. EnteroX PPMO inhibits HRV14 and CVB2 in cell cultures.
HeLa cells were treated with 5 �M of the indicated PPMO after a 1-h
period of infection with HRV14 at an MOI of 0.03 (A) or a clinical
isolate of CVB2 at an MOI of 0.05 (B). Viral titers were determined
from samples taken at 24 h p.i. (CVB2) or 48 h p.i. (HRV14) by plaque
assay. In both of the experiments, mock (water)-treated cells produced
titers that were almost identical to those produced by Scr PPMO-
treated cells. The average of two experiments is shown.

FIG. 2. Evaluation of PPMO cytotoxicity in cell cultures. (A) HeLa
cell viability was measured by the MTS assay after 24 h of treatment
with the indicated concentrations of the indicated PPMO. (B) HeLa
cells were incubated with 10 �M of the indicated PPMO, and the cell
viability then measured at the indicated times after the initiation of treat-
ment. The percentage of viable cells was obtained by comparison to the
number of mock (water)-treated cells, which was set equal to 100%. Each
treatment in both of the experiments is the average for 12 wells.
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or 48 h p.i. (HRV14). Of the PPMO tested, only HRV-
EnteroX significantly inhibited the viral titers (Fig. 3A and B
and data not shown), producing an approximately 2-log10 re-
duction when used at 5 �M. It was not surprising that HRV-
5�hp and HRV-cre had little efficacy against CVB2 or PV1,
since these viruses share little homology with HRV at the
target sites of these PPMO. The viral titers obtained with Scr
PPMO were equivalent to those of infected and mock-treated
cells (data not shown).

The antiviral efficacy of each of the PV-PPMO against
cDNA-derived PV1 (Mahoney strain) was determined. HeLa
cells were pretreated for 6 h with PPMO at 2, 5, and 10 �M
before infection with PV1. Virus inhibition was measured by
standard plaque assay at 10 h p.i. Under these conditions,
PPMO targeting the IRES region were highly effective, result-
ing in 2- to 3-log10 reductions at 10 �M (Fig. 4A and data not
shown). The other PPMO produced few antiviral effects.

Previous reports indicated that treatment with two PPMO
was more effective than treatment with a single PPMO at
inhibiting influenza A virus (19) or porcine reproductive and
respiratory syndrome virus (40). We therefore examined
whether treatment with two PPMO could be more effective
than treatment with a single PPMO at inhibiting PV1. Indeed,
use of a combination of two PPMO (PV-L4 and PV-L5) re-
sulted in a greater reduction in the viral titer (by over 1 log10

at some time points) than that obtained with an amount of
either constituent PPMO that was equimolar to that used in
the combination treatment (Fig. 4B and data not shown). Cer-
tain other combinations of PPMO (PV-L4–EnteroX and PV-
L5–EnteroX) yielded similar results (data not shown).

The selectivity index (SI), which is measured as a ratio of the
concentration of a compound that is lethal to 50% of the
cultured cells divided by the concentration of a compound that
is lethal to 50% of the virus in cell culture, or the 50% cytotoxic
concentration (CC50)/50% inhibitory concentration (IC50), is a
standard method for scoring the relationship between the ef-
ficacy and toxicity of a potential therapeutic agent. Because the
target of PV-EnteroX is almost perfectly conserved across
human entero- and rhinoviruses and the targets of PV-L4 and
PV-L5 are not, we determined the SI of PV-EnteroX. To find
the IC50 of PV-EnteroX, HeLa cells were infected with PV1
and treated p.i. with 2 to 100 �M of PV-EnteroX, and the viral
titers were than determined (by plaque assay) from the super-
natant taken 21 h later (Fig. 4C). The IC50 was determined to
be 2 �M. Similar results under similar experimental conditions
were obtained with SK-N-MC cells (a human neuroepithe-
lioma cell line) (data not shown). To determine the CC50 of
PV-EnteroX for HeLa cells in cell culture, noninfected HeLa
cells were treated with various concentrations of PV-EnteroX
for 21 h before the MTS assay (Fig. 4C). The CC50 of PV-
EnteroX under these conditions was 52 �M. Similar results
were obtained with SK-N-MC cells (data not shown). The SI of
PV-EnteroX was therefore determined to be 26 (52 �M/2 �M)
under these conditions.

IRES-targeting PPMO specifically inhibit translation. To
investigate the antiviral mechanism of action of the effective
PPMO, HeLa cells were treated with various PPMO and then
transfected with PV1-Luc RNA [transcribed from pRib(�)RLuc
in vitro] (Fig. 5A), which utilizes IRES-mediated translation, or
with Luc RNA [from pRib(�)T7Luc], which utilizes cap-de-

pendent translation. Transfected cells were then placed in
medium containing either PPMO, PPMO and GuaHCl, or
puromycin, and translational activity was determined at 1-h
intervals after transfection by measuring Luc production.
GuaHCl is an inhibitor of PV1 replication (52), while puromy-
cin is an inhibitor of translation (60), and both were used as
control reagents in this experiment. As measured by the level
of Luc production, treatment with 10 �M PV-EnteroX (as well

FIG. 4. PPMO targeting the IRES sequence inhibit PV1, and
PPMO can be used in combination to more effectively limit PV1
infections of cell cultures. HeLa cells were incubated with 10 �M of
the indicated PPMO before and after infection with PV1 (MOI, 0.1),
and the viral titers at 10 h p.i. (A) or the indicated time points p.i.
(B) were determined by plaque assay. In each of the experiments, the
average of three experiments is shown. (C) HeLa cells were treated
with the indicated concentrations of PV-EnteroX before and after
infection with PV1 (MOI, 0.1). Viral titers were determined by the
plaque assay at 21 h p.i. (f). As well, the viability of noninfected HeLa
cells was measured by the MTS assay 21 h after the initiation of
treatment with the indicated concentrations of PV-EnteroX (Œ). The
average for triplicate samples is shown.
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as other PV1-IRES-directed PPMO) inhibited the translation
of PV1-Luc RNA as effectively as treatment with 10 �g/ml
puromycin (Fig. 5B and data not shown). In contrast, neither
PV-EnteroX nor any of the other PV-PPMO inhibited the
translation of Luc RNA (Fig. 5C), indicating that the PPMO
inhibition of translation was sequence specific and not global in
nature. We also examined the ability of PPMO to inhibit the
IRES-mediated translation of HRV-Luc RNA produced from
HRV14/�P1Luc in rabbit reticulocyte lysates. Only PPMO tar-
geting regions of sequence thought to be directly involved in
the process of translation (HRV-EnteroX and HRV-AUG)
were able to inhibit translation effectively, whereas PPMO
designed to target sequences thought to participate in the
regulation of RNA synthesis (HRV-5�hp and HRV-cre) were
not effective (Fig. 5D). Interestingly, the PV-AUG PPMO,
designed against the AUG region of PV1, had little activity

against PV1 RNA (Fig. 4A), whereas the HRV-AUG PPMO,
directed against the AUG region of HRV14/�P1Luc, was quite
effective (Fig. 5D). We note that HRV14/�P1Luc consists of a
chimeric HRV-Luc sequence in the initiator AUG region (see
“PPMO design” above and Table 1).

PV1 escapes the antiviral effects of PPMO by target-specific
mutations. RNA viruses such as PV1 are well known for their
ability to escape the effects of antiviral compounds through
mutations that change the drug target site. We explored
whether PV1 could become resistant to treatment with some of
the PPMO described in this study. PV1 was repeatedly pas-
saged in HeLa cells in the presence of PV-L4, PV-L5, PV-L4
and PV-L5 in combination, or PV-EnteroX PPMO. PV1 vari-
ants resistant to PPMO PV-L4 or PV-L5 were isolated after
three passages (Fig. 6A and Table 2). PV1 variants resistant to
the two-PPMO treatment (i.e., PV-L4 and PV-L5) or to PV-

FIG. 5. PPMO targeting the IRES and AUG region of viral reporter replicon RNA restrict translation in a potent and specific manner.
(A) Schematic of the PV1-Luc replicon pRib(�)RLuc. (B) In-cell translation assay. Cells treated with indicated PPMO at 10 �M were transfected
with PV1-Luc RNA [produced from pRib(�)RLuc] and then treated with GuaHCl (Gua), an inhibitor of viral replication. The cells were then
assayed for their Luc levels at the indicated times. The translation of PV1-Luc RNA was severely limited by PPMO that specifically target the
IRES, as measured by a decrease in the total reflective light units (RLU). The level of suppression produced by antisense PPMO was similar to
that observed with puromycin, a known inhibitor of translation. (C) PPMO failed to inhibit the translation of capped Luc RNA [produced from
pRib(�)T7Luc] under the same conditions described above for panel B, indicating that PPMO inhibition of translation is sequence specific.
(D) Cell-free Luc assay. HRV14-Luc RNA transcripts (produced from HRV14/�P1Luc; see Materials and Methods) and the indicated PPMO
were mixed in rabbit reticulocyte lysate translation reaction mixtures. The Luc activity is charted in comparison to that from the mock-treated
control reactions. PPMO targeting the IRES and AUG region effectively suppressed the translation of HRV-Luc RNA, while PPMO targeting
HRV elements thought to have a regulatory role in HRV RNA synthesis did not suppress translation. The average of two experiments is shown
in each graph.
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EnteroX were isolated after 12 passages. With the PV-L4 and
PV-L5 combination treatment, during some passages, unusu-
ally long periods after infection (96-plus h) were required to
produce CPE. Also, PPMO at 5 �M, a concentration below
that which had been highly effective in the viral inhibition
experiments described above, was required in the first two
passages to obtain escape mutants from the PV-L4 and PV-L5
combination treatment.

To investigate the determinant(s) of resistance to PPMO,
viral RNA was isolated from resistant populations and the
entire PV1 genome of each population was sequenced. This

analysis showed specific PV1 mutations in the PPMO target
regions. Interestingly, after PV1 was passaged in six indepen-
dent series with each of the four PPMO treatments, only a
single mutation was found after 3 passages and two mutations
were found after 12 passages. PV1 treated with the PPMO
PV-L4 generated two unique escape mutations, both of which
were G-to-A nucleotide changes at residues near the 5� and 3�
ends of the PPMO target site. Mutant virus PV1/L4/A3 was
present after 3 passages, and PV1/L4/A21 was present after 12
passages. PV1 treated concurrently with both PV-L4 and
PV-L5 also contained those same two mutations after P12.
PV1 treated with PPMO PV-L5 alone also generated only two
mutations, one in the 5� end of the PPMO target (PV1/L5/U6),
which was present after 3 passages, and one in the 3� end of the
PPMO target (PV1/L5/U18), which was present after 12 pas-
sages. In the PV-EnteroX-treated populations, mutations were
also found toward the 5� and 3� ends of the PPMO target site.
No mutations were found in the target site of virus treated with
PV-EnteroX until P12. Of the six different PV-EnteroX-gen-
erated mutations found, three were G-to-A mutations that
generated C-A mismatches, two were C-to-U changes that led
to G-U mismatches, and one was an A-to-U mutation that
caused a T-U mismatch (Table 2).

To establish whether any or all of these mutations were
indeed the determinants of escape from PPMO inhibition, we
produced recombinant viral plasmids containing either single
or double PPMO escape mutations. Mutant plasmids were
confirmed by sequencing and were used to generate viral RNA
that was transfected into HeLa cells pretreated with the ap-
propriate PPMO. Each P0 population of mutant virus was then
evaluated in growth kinetics experiments. In the absence of
PPMO, all of the mutant viruses grew to or near the wt virus
levels (Fig. 6B and data not shown). In the presence of PPMO,
all mutants produced much higher titers than the wt virus did
(Fig. 6C) and reached titers similar to the wt virus titer in the
absence of PPMO (compare Fig. 6C with Fig. 6B), indicating
that the mutations that they contained were responsible for
escape from the action of the PPMO tested.

PV-EnteroX inhibits PV1 production in vivo and protects
mice from a lethal infectious dose of virus. Since some PPMO
tested were highly effective at inhibiting PV1 infections in cell
cultures, we explored whether PV1 infection could also be
inhibited in vivo in a mouse model. cPVR transgenic mice (18
per group) were treated with sterile PBS or 200 �g (�10
mg/kg) of either the Scr or the PV-EnteroX PPMO at 48 and
24 h before i.p. infection with wt PV1. After infection, the mice
were further treated with PBS or 200 �g of PPMO at 1 h p.i.
and daily on days 1 to 5 p.i. Six mice from each treatment
group were killed on days 2, 3, and 5 p.i., and tissue samples
were collected from typically infected organs for viral titer
determination by plaque assays. Interestingly, while the viral
titers in some tissues, such as the large intestine, spleen, and
muscle, were similar between the PV-EnteroX-treated group
and the control groups (which were treated with PBS or Scr
PPMO), other tissues, such as small intestine, spinal cord, and
brain, from the PV-EnteroX-treated mice showed greatly de-
creased viral titers compared to those in the control groups
(Fig. 7A to C and data not shown). The experiment described
above was repeated under the same conditions for the evalu-
ation of animal survivorship. Mice treated with PV-EnteroX

FIG. 6. PV1 can escape the antiviral effects of PPMO in cell cul-
tures through target-specific mutations. (A) PV1 (MOI, 0.1) was se-
quentially passaged in HeLa cells in the presence of 5 to 10 �M PPMO
until complete CPE was observed. Virus was then isolated and used to
initiate the next round of infection. After 12 passages, PV-EnteroX-
resistant PV1 was isolated and sequenced. Two nucleotide mutations
were found in the PV-EnteroX target region, and these were then
cloned either singly or doubly into pRib(�)XpA. Mutant clones (see
Materials and Methods for the nomenclature) were used to generate
mutant viral RNA, which was transfected into HeLa cells treated with
10 �M PV-EnteroX (EX) and allowed to grow until CPE was ob-
served. These P0 populations were then used at an MOI of 10 to infect
HeLa cells that either had not (B) or had (C) been treated with 10 �M
PV-EnteroX. Virus was taken at the indicated times (hours) p.i., and
the titers determined by plaque assay. The viral titers shown are the
averages of three experiments.
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were strongly protected from the paralytic symptoms of infec-
tion (data not shown) and from subsequent death (Fig. 7D).
Sixteen of 18 mice In the PBS-treated group died; in contrast,
only 1 of 18 mice in the PV-EnteroX-treated group died. Non-
infected/nontreated and noninfected/PV-EnteroX-treated
mice displayed normal behavior and appearance throughout
the duration of the survivorship experiment. In a subsequent
experiment, employing the same conditions described above
except without the two preinfection treatments, PV-EnteroX
PPMO protected five of six mice from death, whereas five of six
mice in both the PBS- and Scr-treated groups died by day 8 p.i.
(data not shown).

DISCUSSION

Although vaccines effective against poliovirus were intro-
duced in the mid-1950s and early 1960s, poliomyelitis is still
endemic in some areas of the world (4) and outbreaks of
vaccine-derived poliovirus are a continuing problem (32). Ad-
ditionally, the incidence of other medically significant entero-
virus infections is increasing (38), and rhinovirus-associated
illness remains an inscrutable feature of the public health land-
scape worldwide. A therapeutic agent that could contribute to
the moderation of disease caused by any of these viruses would
be a welcome development.

TABLE 2. Comparison of PPMO-resistant PV1 recovered from PPMO-treated HeLa cells

Virus
source/PPMO

No. of
passagesa

Location(s) of
mutant nucleotidesb Emergent nucleotide sequenceb

PV1/PV-L4 P0 GUGACGGUGGUCCAGGCUGCGUUG (343–366)
PV1/PV-L4 P3 363 ––––––––––––––––––––A–––
PV1/PV-L4 P12 345, 363 ––A–––––––––––––––––A–––

PV1/PV-L5 P0 CGUAACGCGCAAGUCCGAGG (512–531)
PV1/PV-L5 P3 529 –––––––––––––––––U––
PV1/PV-L5 P12 517, 529 –––––U–––––––––––U––

PV1/PV-EnteroX P0 CUACUUUGGGUGUCCGUGUUUC (541–562)
PV1/PV-EnteroX P3 ––––––––––––––––––––––
PV1/PV-EnteroX P12 544, 558 –––U–––––––––––––A––––
No PPMO P12 ––––––––––––––––––––––

a PV1 was passaged and selected in the presence of the indicated PPMO, as described in Materials and Methods and Results. The passages were conducted in the
presence of the indicated PPMO.

b Numbering is based on the PV1 (Mahoney) genomic sequence. Dashes denote the same nucleotide identity as the original sequence.

FIG. 7. PV-EnteroX PPMO treatment limits viral titers in infected tissues and protects PV1-infected mice from death. Viral titers from the
small intestines (A), spinal cords (B), and brain tissues (C) of cPVR mice receiving i.p. treatment with PBS or 200 �g (�10 mg/kg) of the indicated
PPMO at 48 and 24 h before, 1 h after, and then once a day on days 1 to 5 after intraperitoneal infection with 1 � 108 PFU of wt poliovirus (n 
 6 per
group per time point) are shown. (D) Survival plot of cPVR mice after treatment and infection, as described above (n 
 18 per group).
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PPMO inhibit viral replication in cell cultures at noncyto-
toxic doses. In this study, PPMO targeting IRES sequences
were highly effective against infectious virus in cell cultures at
noncytotoxic doses, producing titer reductions of up to 6 log10

compared to the titers for the controls (Fig. 4A and B). IRES-
directed PPMO specifically reduced viral replication whether
they were applied to cultured cells before or soon after the
virus inoculation period. Importantly, the EnteroX PPMO in-
hibited not only DNA-derived PV1 and HRV14 but also clin-
ical isolates of PV1 and CVB2. These results are in agreement
with those of Yuan et al., who productively targeted CVB3
with a PPMO of nearly identical sequence to that of the En-
teroX PPMO (63). HRV-EnteroX and PV-EnteroX both tar-
get sequence in the stem-loop 5 region of the IRES and are
identical, except that HRV-EnteroX has two additional bases
at the 5� end compared to the sequence of PV-EnteroX (Table
1). The two additional bases of HRV-EnteroX are not as well
conserved across strains of entero- and rhinoviruses as the
other 22 bases (which comprise PV-EnteroX) (Fig. 1B). PV-
EnteroX matches the targeted genomic sequence of over 99%
of the entero- and rhinoviruses used in our alignment.

All of the PPMO used in this study were shown to have low
levels of or no cytotoxicity at the doses that produced potent
antiviral activity in two types of cells in culture, Vero cells and
SK-N-MC cells, a cell line of human neurogenic origin (Fig. 2A
and B, Fig. 4C, and data not shown). An SI of 26 was deter-
mined for PV-EnteroX after a 21-h-p.i. treatment period in
cell culture (Fig. 4C). However, it is likely that a shorter treat-
ment time would yield a substantially higher SI (19). Future
study will likely include evaluation of PV-EnteroX PPMO
made with alternate CPPs, in the hopes of improving the SI.
We also found that the use of a combination of PPMO can be
more effective than the use of a single PPMO (Fig. 4B). Even
so, while multiple PPMO had antiviral efficacy superior to that
of a single PPMO in cell cultures in some instances, we found
that PV-EnteroX by itself was highly effective at inhibiting PV1
infection in mice (Fig. 7). The dosing regimen of P7 PMO that
we employed was apparently subtoxic in our study with cPVR
mice, as it had been in a previous study with C3H/HeN mice
(13).

PPMO mechanism of action is through interference with
viral translation. Our results with reporter RNAs suggest that
the mechanism of action by which the IRES-targeting PPMO
worked was by sequence-specific interference in the process of
translation (Fig. 5). Interestingly, two highly and nearly equally
effective PPMO, PV-L4 and PV-L5 (Fig. 4B), target regions
with quite different secondary structures. While the target of
PV-L5 consists primarily of the open region of stem-loop 5, the
target of PV-L4 is extensively paired with the opposite side of
the stem-loop 4 structure. Whether PV-L4 is able to invade the
RNA secondary structure in this area and/or binds before stem
formation occurs in nascent genomes is presently not known.
Interestingly, PV-L4 targets the stem sequence just 3� of the
known PCB2 binding site (55, 56). Whether the PV-L5 and
PV-EnteroX target sites are protein binding sites is not pres-
ently known. We note, however, that mutations in the PV-L5
target region have previously been shown to affect viral growth
in neuronal cells (29).

PV1 mutates in response to PPMO treatment in cell cul-
tures. The high mutation rate of RNA viruses raises the con-

cern of potential viral escape from the action of any antiviral
compound being considered as a prospective therapeutic
agent. As we were never able to reduce the number of virions
to less than �103 in cell culture after a single passage with
PPMO treatment at a noncytotoxic dose and since we know
that the mutation rate for poliovirus is approximately two mu-
tations per genome per replication cycle, we hypothesized that
if escape mutants could arise in the population, they would
likely be apparent after few passages. Interestingly, while es-
cape mutants generated by treatment with PV-L4 or PV-L5
alone arose after P3, the PV-L4 and PV-L5 combination or
PV-EnteroX treatment did not generate escape mutants until
after P12. This delay suggests that treatment with a combina-
tion of PPMO may be less likely than that with a single PPMO
to produce resistant virus and that the EnteroX target region
in PV1 is critical in nature (as also suggested by its high degree
of sequence conservation). We speculate that the escape mu-
tations observed emerged de novo during our experiments, as
a result of PPMO treatment, rather than from propagation of
preexisting mutations in input virus. The input PV1 was pro-
duced from cDNA by transcription with T7 RNA polymerase,
which has an average error frequency of about 1 in 2 � 104

(25), and with only one exception (mutant PV1/L5/U18), none
of the observed mutations appeared in our search of the Gen-
Bank database (data not shown). Mutations in the PPMO
target sites of PPMO-resistant PV1 were shown to be the
determinants of resistance (Fig. 6C).

Surprisingly, none of the PPMO escape mutations appeared
to have a strongly attenuating affect on PV1 growth in cell
culture, although the titers of the PV-EnteroX escape mutants
never quite equaled the titer of the wt virus (Fig. 6B). An
interesting characteristic of all of the PPMO escape mutants
found after 12 passages was that they each contained two
mutations, with one mutation in the 5� end region and the
other in the 3� end region of the PPMO target site. Mutations
in the terminal regions, along with the observation that the
majority of PV1 mutations were either G to A or C to U,
suggest that specific architectural and structural properties of a
PPMO target duplex affect the efficacy of PPMO. While both
the propensity for PV1 to generate escape mutants in the
presence of PPMO in cell cultures and the ability of recombi-
nant virus with but a single mutation in the target region to
resist the action of PV-EnteroX (Fig. 6C) are noteworthy, the
likelihood that PV1 resistant to PV-EnteroX will arise in a
therapeutic setting in vivo is not clear at this point. We ob-
served that although PV1 was able to escape the effects of
PV-EnteroX after multiple passages in cell culture, treatment
with the same PPMO protected mice from a usually lethal dose
of PV1. Sequenced virus recovered from the muscle tissue of
PV-EnteroX-treated mice that survived PV1 infection showed
no mutations in the region of the EnteroX target site (data not
shown). As well, the high level of protection provided to PV1-
infected animals by PV-EnteroX treatment further indicates
that compensatory mutations did not occur or that the muta-
tions induced yielded virus variants with poor fitness in vivo.

EnteroX PPMO treatment of mice resulted in reduced PV1
titers in tissues of the central nervous system and protection
from a lethal outcome. Poliovirus is naturally transmitted only
between humans, although nonhuman primates and cPVR
mice are susceptible to parenteral infection. The infection re-
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sulting from i.p. inoculation of cPVR mice has been shown to
closely mimic the infection seen in humans and other primates
(12, 58, 59). In humans, poliovirus first infects and replicates in
the gut mucosa and from there drains into cervical and mes-
enteric lymph nodes and the blood, causing a transient viremia
(8). Usually, poliovirus causes minor nonspecific symptoms
such as fever and malaise; however, in �1 to 2% of infected
individuals, the virus invades the central nervous system, and
the subsequent death of motor neurons within the spinal cord
can lead to muscle paralysis and sometimes death.

PPMO have been documented to localize in the liver (9) and
in the gut and muscle (18) when they are delivered i.p. and in
the heart, kidney, and pancreas when delivered intravenously
(63). It is unclear whether PPMO can enter the cells of the
nervous system in vivo. Even so, PV-EnteroX effectively lim-
ited the PV1 titer in both the spinal cord and the brain (Fig. 7B
and C), perhaps due to the concomitant decrease in the
amount of virus in the small intestine (Fig. 7A), an organ
known to be a primary site of poliovirus replication early in the
course of an infection. Importantly, mice that received only p.i.
treatments with PPMO had a rate of survivorship similar to
that of mice that received both preinfection and p.i. treat-
ments, and noninfected/PPMO-treated mice appeared to suf-
fer no ill effects. Further studies need to be carried out to
characterize the antiviral efficacies of various p.i. treatment
regimens.

The results of this study show that the PV-EnteroX PPMO
is highly effective at inhibiting PV1 infections in mice and that
this PPMO appears to have therapeutic potential against a
broad spectrum of human enteroviruses and rhinoviruses.
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